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To accurately determine the expression and distribution patterns of two influenza virus receptors (SAa2,3-gal and SAa2,6-gal)
in trachea and lung tissues of humans, mice, chickens and ducks, we analyzed lectin immunofluorescence stainings of various
tissue sections qualitatively and quantitatively. Results from the qualitative analysis showed that both influenza virus receptors
were expressed in lung tissues of humans, mice, chickens and ducks as well as trachea tissues of mice and ducks. However,
SA02,6-gal receptor was expressed only in the human trachea tissue and SAa2,3-gal receptor was expressed only in the
chicken trachea tissue. Results from the quantitative analysis demonstrated that both receptors were expressed in trachea tis-
sues of human and mouse, as well as in lung tissues of humans, chickens and ducks. Meanwhile, our results also showed that
the expression and distribution of influenza virus receptors in the same tissue were not always uniform, indicating that their
distribution and expression in various tissues are not simply the distinction between the presence or absence of receptors, but
rather the difference in the amount of expressed receptors.
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The 2009 pandemic HIN1 influenza and outbreaks of the
highly pathogenic H5N1 avian influenza in Hong Kong in
1997 severely threatened human health. The ability of in-
fluenza viruses to infect host cells depends mainly on inter-
actions between the major viral surface protein, hemagglu-
tinin, and virus receptors on host cells; therefore, the distri-
bution and expression status of influenza virus receptors in
trachea and lung tissues of different hosts may be one of the
key factors in determining whether influenza viruses are
capable of invading host cells and causing disease. Sialic
acid alpha 2,3-galactose (SAa2,3-gal) and sialic acid alpha
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2,6-galactose (SAa2,6-gal) are two well-known types of
influenza virus receptors. It is generally accepted that avian
influenza viruses preferentially bind to the avian influenza
receptor (SAa2,3-gal), while human influenza viruses pref-
erentially bind to the human influenza receptor (SAa2,6-
gal). However, reports on the distribution of these two types
of receptors in different host tissues and the tissue tropism
of various influenza viruses have been contradictory [1-4].
One plausible explanation is that the conclusions of some
studies were based on qualitative analysis of a limited
number of stained cells in immunohistochemistry experi-
ments using lectins or influenza viruses [4]. Therefore, it is
necessary to use a quantitative method to precisely deter-
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mine the distribution and expression characteristics of these
two types of influenza virus receptors in trachea and lung
tissues of humans, mice, chickens and ducks, which may
help us to better understand the mechanism of how different
influenza viruses could infect these host tissues. Currently,
plant lectins have been widely used for detecting specific
sialic acid linkages. Maackia amurensis lectin (MAA) can
specifically recognize «2,3-linked sialic acids [5], as a
marker for the avian influenza virus receptor, while Sam-
bucus nigra agglutinin (SNA) can specifically recognize
a2,6-linked sialic acids [6], as a marker for the human in-
fluenza virus receptor. In this study, we utilized lectin im-
munofluorescence staining to systematically analyze the
distribution and expression status of two types of sialic acid
receptors in trachea and lung tissues of humans, mice,
chickens and ducks to help us better understand the distri-
bution characteristics and expression status of the two types
of influenza virus sialic acid receptors in trachea and lung
tissues of various hosts.

1 Materials and methods

1.1 Materials and reagents

Paraffin-embedded human trachea and lung tissue sections
were obtained from autopsy samples from 2009 (Depart-
ment of Pathology, Affiliated Hospital of Zunyi Medical
College, Guizhou, China). Sixty mice (6-8 week old male
BALB/c mice) were purchased from Shanghai Slrc Labora-
tory Animal Center. Twelve chickens and twelve ducks
were purchased from a Zunyi poultry market, and 2 SPF
grade chickens were purchased from Beijing Merial Vital
Laboratory Animal Center. Two additional ducks were
purchased from a poultry farm located in suburban Beijing.
Biotinylated SNA (Sambucus nigra agglutinin), MAA-I
(Maackia amurensis agglutinin 1), MAA-Il (Maackia
amurensis agglutinin II), and Fluorescein Avidin DCS were
purchased from Vector Laboratories (Burlingame, CA).
DAPI (4',6-diamidino-2-phenylindole) was purchased from
Beijing Solarbio Inc. (China), polylysine was purchased
from Sigma (St. Louis, MO) and slides were purchased
from Jiangsu Haimen Lab Suppliers Inc. (China).

1.2 Treatment of tissue samples and immunofluores-
cence staining

Mice were anesthetized by intraperitoneal injection of 10%
chloral hydrate and sacrificed through bleeding from ab-
dominal aorta. Trachea and the right middle lobe lung tis-
sues (about 0.5 cmx0.5 cmx0.2 cm) were obtained and
rinsed twice with saline solution, and then put immediately
into 10 mL of 4% paraformaldehyde and fixed for 24 h at
room temperature (15-25°C). Chickens and ducks were
sacrificed through bleeding, and trachea and the right mid-
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dle lobe lung tissues (about 1 cmx1 cmx0.5 cm) were ob-
tained as described above for mouse tissue. Fixed trachea
and lung tissues of humans, mice, chickens and ducks were
dehydrated, imbedded in paraffin and cut into 4 pm sections.
Standard procedures were followed for HE and immunoflu-
orescence staining [7]. Results of HE staining were used to
determine whether tissue structures were intact. For immu-
nofluorescence staining, each tissue section was attached to
slides pretreated with polylysine solution, and biotinylated
lectins SNA, MAA-I and MAA-II and PBS (as a blank con-
trol) were added separately to four slides for each tissue.
The following procedures were followed for immunofluo-
rescence staining: tissue sections were deparaffinized and
hydrated using xylene and gradient-alcohol, antigens were
retrieved by heating samples in a microwave for 15 min in
citric acid buffer (1.0 mol L™ pH 6.0), cooled to room tem-
perature, and then 50 pL of SNA (20 pg mL™"), MAA-I (20
pg mL™), MAA-II (40 pg mL™") and PBS were added sep-
arately to each slide and incubated for 1 h at room tempera-
ture. After washing three times with TPBS, 50 uL of fluo-
rescein avidin DCS (5 ug mL™") was added to each slide and
slides were incubated for 30 min at room temperature.
Slides were washed again three times with TPBS and
mounted after adding a drop of DAPI solution (10 ug mL™")
to stain for nuclei.

1.3 Microscopic observation and quantification

Immunofluorescence stained trachea and lung tissues were
observed under a LEICA fluorescence microscope (Model:
DM4000B, Germany), and images were collected using the
software Leica Qwin Plus. The number of total cells and
stained cells were counted for statistical analysis to get av-
erage positive rates.

2 Results

2.1 Distribution and expression of influenza virus sialic
acid receptors in trachea tissues of humans, mice,
chickens and ducks

2.1.1 Qualitative analysis

In the present study, we observed various immunofluores-
cence-stained trachea tissue sections under a fluorescence
microscope and defined stained cells, which were clearly
stronger than the background, as positive. Results showed
that positively stained cells were mainly distributed on epi-
thelia and mucus cells of tracheas. SNA stained cells were
only observed on epithelium cells of human trachea (Figure
1A), while MAA-I, MAA-II and SNA stained cells were
detected on epithelium cells of mouse (Figure 1B). MAA-I
and MAA-II stained cells but not SNA stained cells were
observed on epithelium cells and mucosa of chicken trachea
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Figure 1 Distribution and expression of two types of influenza virus

sialic acid receptors in trachea tissues of humans, mice, chickens and ducks.

A, Human trachea. B, Mouse trachea. C, Chicken trachea. D, Duck trachea.

Biotinylated MAA-I, MAA-II and SNA were used in the immunofluores-

cence staining of tissue sections followed by Fluorescein Avidin DCS.

Arrows indicate positive staining. DAPI was used for the nuclear staining.
BC, blank control. Enlargement, 200x.

(Figure 1C). Positive staining was detected on MAA-I,
MAA-II and SNA stained cells in duck trachea tissues (Fig-
ure 1D). Results of the qualitative analysis demonstrated
that both SAa2,3-gal and SAa2,6-gal receptors were ex-
pressed in trachea tissues of mice and ducks. However, the
SAa?2,6-gal receptor was only expressed in human trachea
tissue whereas the SAa2,3-gal receptor was only expressed
in chicken trachea tissue.

2.1.2  Quantitative analysis

We selected one stained slide for each trachea tissue sample,
examined 5-6 fields randomly using a fluorescence micro-
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scope (200x), counted the total number of trachea epithelial
cells (866-3623) and the number of positively stained cells
(28-281), and then calculated the average positive rate of
lectin staining. It was found that the nuclei of trachea epi-
thelium cells of chickens and ducks were faintly stained by
DAPI, thus the total number of cells could not be obtained
for these samples. We repeated the experiment at the Na-
tional Research Center for Wildlife-borne Diseases, Insti-
tute of Zoology, Chinese Academy of Sciences and ob-
tained the same results. In trachea tissues of humans and
mice, the positive rates of lectin staining were: MAA-I,
7.8% and 5.1%; MAA-II, 5.0% and 5.2%; and SNA, 6.0%
and 7.8%, respectively (Table 2). False positive staining in
PBS control samples was also observed in trachea epithe-
lium cells of humans and mice at rates of 3.2% and 4.9%,
respectively (Table 2). Results of the quantitative analysis
showed that both influenza virus sialic acid receptors were
expressed in trachea tissues of humans and mice, and basi-
cally the same results were obtained when MAA-I and
MAA-II were used for immunofluorescence staining.

By comparing the two methods, we found that results
from the quantitative analysis were essentially consistent
with those from the qualitative analysis in most cases.
However, sometimes results from the two analyses were
different. For example, it was observed in the qualitative
analysis that there was no significantly positive staining of
MAA-I and MAA-II in the human trachea tissue (Figure 1A,
Table 1), meaning that avian influenza virus receptor
(SAo2,3-gal) was not expressed on human trachea epithe-
lium cells. Nevertheless, results from quantitative analysis
showed that two types of influenza virus receptors were
expressed in the human trachea tissue (Table 2), but positive
rates were different (MAA-I, 7.8%; MAA-II, 5.0%; SNA,
6.0%).

2.2 Distribution and expression of influenza virus sialic
acid receptors in lung tissues of humans, mice, chickens
and ducks

2.2.1 Qualitative analysis

In the qualitative analysis of lectin immunofluorescence
staining results of lung tissues, cells which were clearly
more intensely stained than the background were defined as
positive ones. Results from the qualitative analysis showed
that cells expressing influenza virus sialic acid receptors
were mainly distributed on alveolar surfaces and terminal

Table 1 Results of qualitative analysis of two influenza virus sialic acid receptors in trachea and lung tissues of humans, mice, chickens and ducks®

Human Mouse Chicken Duck
Trachea Lung Trachea Lung Trachea Lung Trachea Lung
MAA-I (a-2,3) - + + + + + + +
MAA-II (a-2,3) - + + + + + + +
SNA(0.-2,6) + + + + - + + +

a) + represents positive staining; — represents negative staining.
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bronchioles (Figure 2). There was positive staining of lec-
tins MAA-I, MAA-II and SNA in lung tissues of humans,
mice, chickens and ducks (Figure 2A-D). Results from the
qualitative analysis indicated that two types of influenza
virus receptors, SAa2,3-gal and SAca2,6-gal, were ex-
pressed in lung tissues of humans, mice, chickens and ducks
(Figure 2, Table 1).

2.2.2  Quantitative analysis

We selected one stained slide for each lung tissue sample,

Table 2 Results of quantitative analysis of two influenza virus sialic acid
receptors in trachea tissues of humans and mice

Human Mouse

Positive cells/cells
counted (%)

Positive cells/cells
counted (%)

MAA-I (0-2,3) 89/1139(7.8) 159/3098(5.1)
MAA-II (0-2,3) 70/1414(5.0) 186/3578(5.2)
SNA(a-2,6) 79/1309(6.0) 281/3623(7.8)
PBS control 28/866(3.2) 131/2696(4.9)

=] Chicken lung (e} Mouse lung o1} Human lung >

Duck lung

Figure 2 Distribution and expression of two influenza virus sialic acid

receptors in lung tissues of humans, mice, chickens and ducks. A, Human

trachea. B, Mouse trachea. C, Chicken trachea. D, Duck trachea. Biotinyl-

ated MAA-I, MAA-II and SNA were used in the immunofluorescence

staining of tissue sections followed by fluorescein avidin DCS. Arrows

indicate positive staining. DAPI was used for nuclear staining. BC, blank
control. Objective, 200x.
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examined 5-6 fields randomly under a microscope (200x),
counted the total number of cells in the lung tissue section
(3024-16174) and the number of positively stained cells
(124-707), and then calculated the average positive rate of
lectin staining. Results of quantitative analysis showed that
the positive rates of MAA-I staining in lung tissues of hu-
mans, mice, chickens and ducks were 4.5%, 3.5%, 4.4%,
and 2.7%; respectively. The positive rates of MAA-II stain-
ing in lung tissues of humans, mice, chickens and ducks
were 4.6%, 3.7%, 3.8%, and 2.6%, respectively, while the
positive rates of SNA staining these tissues were 4.2%,
4.1%, 5.2%, and 2.6%, respectively. During the calculation
process, we also found some false positive cells in the nega-
tive control, and the false positive rates for lung tissues of
humans, mice, chickens and ducks were 3.2%, 4.1%, 2.2%
and 2.2%, respectively (Table 3).

Results from the quantitative analysis indicated that two
types of influenza virus sialic acid receptors were expressed
in lung tissues of humans, mice, chickens and ducks. Simi-
lar results were obtained when biotinylated lectins MAA-I
and MAA-II were used for immunofluorescence staining.
The background for the blank control in the immunofluo-
rescence staining of mouse lung tissue was high (4.1%),
which prevented us from quantitatively analyzing the dis-
tribution and expression of influenza virus receptors in this
tissue. One possible reason for this high background may be
due to relatively more endogenous biotin in the normal lung
tissues of mice compared to lung tissues of humans, chick-
ens and ducks.

3 Discussion

Specific interaction between influenza viruses with different
host cell surface receptors is considered to be an important
factor in determining whether influenza viruses can invade
host cells and spread across host species barriers. It was
believed that receptors for avian influenza viruses were not
present in tissues of the human upper respiratory tract, and
consequently, avian influenza viruses could not infect hu-
mans directly. However, the fact that a highly pathogenic
H5N1 avian influenza virus was transmitted directly from
chickens to humans in Hong Kong, first reported in 1997,
proved that avian influenza viruses could infect humans
directly. There have been some inconsistencies in the liter-
ature regarding the distribution characteristics of influenza
virus receptors in respiratory tract tissues of human and
different animals. To accurately determine the distribution
and expression characteristics of two types of influenza vi-
rus receptors in trachea and lung tissues of human, mouse,
chicken and duck, we analyzed lectin immunofluorescence
staining results of various tissue sections qualitatively and
quantitatively. Results from qualitative analysis showed that
both influenza virus receptors were expressed in lung tis-
sues of humans, mice, chickens and ducks as well as trachea
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Table 3 Results of quantitative analysis of two influenza virus sialic acid receptors in lung tissues of humans, mice, chickens and ducks

Human

Mouse

Chicken Duck

Positive cells/cells
counted (%)

Positive cells/cells
counted (%)

Positive cells/cells
counted (%)

Positive cells/cells
counted (%)

MAA-I (a-2,3) 379/8434 (4.5%) 302/8636 (3.5%) 707/16174 (4.4%) 159/5853 (2.7%)
MAA-II (a-2,3) 344/7407 (4.6%) 382/10350 (3.7%) 468/12460 (3.8%) 160/6194 (2.6%)
SNA(0.-2,6) 348/8255 (4.2%) 349/8525 (4.1%) 535/10301 (5.2%) 138/5352 (2.6%)

PBS control 220/6973 (3.2%)

124/3024 (4.1%)

298/13306 (2.2%) 126/5607 (2.2%)

tissues of mice and ducks. However, the human influenza
virus receptor was expressed only in the human trachea tis-
sue and avian influenza virus receptor was expressed only
in the chicken trachea tissue (Table 1). Results of our quali-
tative analysis were basically consistent with some previous
studies [9-11], and different from others [12,13], which
may be related to the use of different reagents and detection
methods. Results from the quantitative analysis demon-
strated that both receptors were expressed in trachea tissues
of humans and mice, as well as in lung tissues of humans,
chickens and ducks; however, rates of expression were dif-
ferent. These results suggest that trachea tissues of humans
and mice, as well as lung tissues of humans, chickens and
ducks could likely be infected by human and avian influenza
viruses. During the quantification process, we found that
there were some false positive cells in blank control sam-
ples, which may be attributed to the amount of endogenous
biotins which exist in the normal animal tissues, and could
be easily mistaken for specific binding of sialic acid recep-
tors.

When inconsistencies arise from quantitative and qualita-
tive analyses, we believe results from the quantitative anal-
ysis should prevail. The reason causing the inconsistency
between qualitative and quantitative analyses of influenza
virus receptors is that the qualitative method used in this
study, as well as in some other previously reported studies
was based on the analysis of a small number of lectin or
influenza virus stained cells observed under a microscope.
Consequently, conclusions obtained by this method often
had limitations. In addition, during the operational proce-
dures of qualitative analysis, experimental results of lectin or
influenza virus immunohistochemistry staining are also
more vulnerable to subjective factors depending on the ob-
server. Moreover, there is a lack of a standardized protocol
for the systematic comparison of different studies. Therefore,
we believe that conclusions on the distribution characteris-
tics of the two types of influenza virus sialic acid receptors in
respiratory tract tissues of different animals need to be
reevaluated. A standardized protocol could be established
for the quantitative analysis of lectin or influenza virus im-
munohistochemistry results, which will enable a more ac-
curate description of the real distribution status of these
receptors in a variety of host tissues.

It can be seen from studies of other types of receptors,
that the number and density of receptors could affect their
biological functions. For example, results using real-time

quantitative PCR to analyze the replication difference of
Helicoverpa armigera single nuclear polyhedrosis virus
(HearNPV) in infected exponential and stationary HzAM1
cells showed that the amount of virus entering cells and the
final progeny virions in the exponential phase cells were
clearly higher than those in the infected stationary phase
cells. These results suggest that the amount of virus entering
cells is correlated to the number of active virus receptors on
the surface of healthy cells [14]. Studies on acetylcholine
receptor [15], somatostatin receptor [16], vitamin D recep-
tor [17], IL-7 receptor [18], AMPA receptors [19] and
CCRS receptor [20] and others all indicated that the number
of receptors was changed dynamically depending on the
physiological status of the cell. The number of receptors
affected their biological functions, and only when they
reached a certain number receptors would they play their
respective biological roles. Furthermore, the increased
number of receptors may also be a pathogenic factor of cer-
tain diseases. Based on these findings, we predict that in-
fluenza virus receptors are probably expressed and wide-
spread in the respiratory tract tissues of different animals.
The number of expressed receptors and their local densities
may vary depending on differences in localization, time and
physiological environment, leading to their different sus-
ceptibilities to a variety of influenza viruses. Therefore, we
suggest that scientists do not use positive or negative stain-
ing to describe the distribution status of influenza virus re-
ceptors when examining host tissues.

In conclusion, quantitative analysis is more accurate in
interpreting experimental results, and an established stand-
ardized system will allow results from different laboratories
to be comparable. Results from our quantitative analysis
indicated that the distribution and expression status of in-
fluenza virus receptors in trachea and lung tissues of human,
mouse, chicken and duck are not simply the distinction be-
tween the presence or absence of receptors, but rather the
difference in the amount of expressed receptors. Here, the
side-by-side comparison of two methods suggests that the
use of a quantitative method to analyze immunofluorescence
staining results is more reliable, aiding us to better under-
stand the mechanism of influenza virus infection and
cross-species transmissions.
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